A spectrofluorimetric method for the direct analysis of carbendazim [methyl 2-benzimidazole carbamate (MBC)] fungicide and its metabolite 2-aminobenzimidazole (2-AB) in natural waters is described. Very low limit of detection (LOD) and limit of quantification (LOQ) values of 0.002 -0.06 ng/mL and 0.006 -0.2 ng/mL, respectively, were determined by spectrofluorimetric method with small relative standard deviation (RSD) values < 1%. This spectrofluorimetric method was applied to the determination of MBC and 2-AB residues in natural waters, with satisfactory recovery values of (88.5% -119.2%).
Introduction
The carbendazim [methyl 2-benzimidazole carbamate (MBC)] is a fungicide that is introduced to control various vegetable and orchard diseases. MBC has been shown to be the solvolysis product of benomyl [1] - [3] , and it is very persistent in water and soils [4] [5] . The studies of MBC residues in the environment have shown a varia-tion of half-life time (t 1/2 ) ranging from a 42 to 175 days [4] [5] where photodegradation can be a potential process of the fungicide destruction. MBC is the most widely used active ingredient as systemic fungicide with both protective and curative activities against a wide range of fungal diseases [6] . The fungicide may additionally be found as a potential pollutant of water where it can accumulate, which justifies the great interest to study its presence in natural water. In consequence, it will be interesting to assay the 2-aminobenzimidazole (2-AB) which is a photoproduct of MBC in water [7] . The 2-AB molecule is also a substructure of chemosensor receptors used for selective recognition of anions with an important role in a variety of biological activities [8] .
In this work, we are interested to the analysis of MBC and its metabolite 2-AB largely utilized in Senegal in vegetable crops. In order to control and eradicate pests, a great variety of pesticides are applied to both rural and urban zones throughout the world. In Senegal, most of the pulverized antiparasitic compounds are widely utilized in a peri-urban agricultural area, called the "Niayes area", where cultures are practiced during all seasons, and where most fruits and vegetables consumed in Senegal are collected. Because of the number of pesticides utilized in the Niayes area and their persistence, serious problems related to chemical pollution and natural water contamination affect its aquatic ecosystem. In consequence, the development of sensitive, selective and precise analytical methods, able to determine the quantity of pesticide residues present in the environment, is necessary.
It is for this reason that we have undertaken a study on the MBC fungicide and its metabolite 2-AB by fluorescence method and we apply the analytical method to the evaluation of fungicide residues in spiked natural waters collected in the Niayes area.
Materials and Methods

Reagents
MBC (98% m/m) and 2-AB (>97% m/m) were purchased from Sigma-Aldrich Chemical Company (USA) and were used without further purification. Spectroscopic grade solvent including dichloromethane (DCM), acetonitrile and dimethyl sulfoxide (DMSO) were obtained from Sigma Aldrich (France). Ethanol was purchased from Prolabo (France), and borate buffer solutions of different pH values (4, 7 and 10) were from Cluzeau Info Labo. The chemical structure of benzimidazoles is presented in Figure 1. 
Apparatus
All spectral measurements were performed at room temperature with a Varian Cary Eclipse Fluorescence Spectrophotometer interfaced with a microcomputer and processed by software FL-WinLab. Standard quartz fluorescence with a 1-cm path lengths (Labo Moderne, France) were used for measurements and a Pipetman of 10 -1000 µL (Gilson, France) was used for dilutions. The non-purgeable organic carbon (NPOC) was measured on Total Organic Analyzer Shimadzu (TOC-VCSH/CSN). The pH measurements were performed with a Consort pH-meter Model P107. The conductivity was recorded on CDM 92, 2-pole Conductivity Cells Radiometer Analytical.
Procedures
Solutions Preparation
Stock standard solutions of the fungicides (191.2 mg/L for MBC and 133.15 mg/L for 2-AB) were freshly prepared by dissolving the compound in acetonitrile. Serial dilutions were performed to obtain working solutions. All solutions were protected against light with aluminum foil and were stored in a refrigerator at 6˚C for further use.
Analytical Measurements
An aliquot of fungicide working solution was placed in a quartz cuvette, and the fluorescence spectra were recorded at a scanning speed of 600 nm/min. Fluorescence intensity was monitored at fixed analytical excitation (λ ex ) and emission (λ em ) maximum wavelengths of the fungicide by measuring the spectra height signal. All fluorescence measurements were corrected for the solvent (background) signal with the appropriate blank.
Preparation of Spiked Natural Water Samples
Natural water samples were collected in 1.5-L amber glass bottles from natural waters (draining, well waters), located inside and on the limits of the agricultural Niayes area. All samples were filtered through a Syringe Filter PTFE membrane, diameter 25 mm pore size 0.2 μm (Sigma-Aldrich) in order to remove any suspended organic matter.
Solid-Phase Extraction Procedure
A reversed phase C 18 SPE cartridge was conditioned with 5 mL of acetonitrile taking into consideration keeping the cartridge wet. Then 5 mL of the spiked water samples (2, 6 and 10 ng/mL for MBC or 0.6, 1.2 and 1.8 ng/mL for 2-AB) was loaded and the retained compounds were eluted by 4 mL of acetonitrile. The solid phase extraction method, were able to extract the MBC and 2-AB in the various water samples.
Results and Discussion
MBC and 2-AB were naturally fluorescent in the different media under study. In order to choose the optimized medium for the fluorescence determination of both pesticides, we decided to investigate the influence of the organic solvent and pH effect in pure aqueous solvent and we developed afterward, a valid quantitative analytical procedure for the direct spectrofluorimetric determination of MBC and 2-AB after solid-phase extraction (SPE) procedure.
Solvent Effect on Excitation and Emission Spectra
The solvent effect on fluorescence spectra is of particular importance. A change in solvent is accompanied by a change in polarity of the surrounding medium. We have studied the fluorescence emission spectra of MBC and 2-AB in several organic solvents of different polarities and checked the pH effect in aqueous solutions.
We investigated the fluorescence behaviour of MBC and its metabolite 2-AB in several solvents of strongly different polarities, including, dichloromethane, ethanol, acetonitrile, DMSO. The results concerning the MBC and 2-AB spectral and chemical properties (λ ex , λ em and I F ) in these different media are reported in Table 1 . As can be seen, these spectral and chemical parameters were found to vary more or less importantly with the medium.
The excitation maximum wavelengths presented two main bands in the regions 218 -260 and 275 -290 nm, whereas the emission maximum wavelengths occurred in the range 300 -323 nm, according to the solvent and the compound (Figure 2 and Table 1 ). Therefore, taking into account the important changes of solvent polarity, we can consider that the λ ex and λ em , values only weakly varied with the medium polarity, except the case of water (pH = 7) for which an important blue-shift of λ ex over than 56 nm is observed.
The emission band of MBC shows minor variations with increasing solvent polarity; the maximum bathochromic shift being 12 nm. The emission band for 2-AB is more sensitive to solvents and presents a maximum red-shift value of 23 nm for the different solvents. The fluorescence intensity is much higher in DMSO and acetonitrile than the others media ( Table 1) . For analytical purposes, DMSO and acetonitrile were chosen as optimal solvents.
On the other hand, the variation of the fluorescence intensity of MBC and 2-AB as a function of the pH (curve not shown) was characterized by well defined maximum values of pH obtained at acid medium for MBC and neutral for 2-AB. The effect of pH has allowed us to know that the analysis of MBC and 2-AB by fluorescence in water is most appropriate in a strongly acid (pH = 4) and neutral (pH = 7) medium, respectively, for MBC and 2-AB.
Analytical Figure of Merit
In order to select the most interesting conditions from the analytical standpoint, we optimized our spectrofluorimetric method for MBC and 2-AB determination by comparing the I F values in the various media under study. Relative to the fungicides fluorescence signal in DCM, which was used as a reference medium, the highest I F values were found in DMSO, acetonitrile and water at pH = 4 and 7. Therefore, for comparison purposes, we decided to evaluate the analytical figures of merit of the fungicide MBC and its metabolite in these selected media, namely DMSO, acetonitrile and in water at pH = 4 and 7 ( Table 2) . Linear plots of fluorescence intensity vs. MBC or 2-AB concentration I f = f (c) were obtained by fluorescence method. The limits of detection (LOD) values were determined on the acetonitrile, DMSO and water (pH = 4 and 7) from a MBC and 2-AB concentration giving a signal-to-noise (S/N) ratio of 3 (IUPAC criterion). The limit of quantification (LOQ), is determined for a signal-to-noise (S/N) ratio of 10.
The data summarized in Table 2 indicates that linear calibration curves of fluorescence intensity vs. MBC and 2-AB concentration were obtained with large linear dynamic range (LDR) values of about two orders of magnitude, with r 2 values very close to unity showing a good linearity of the analytical curves. The concentration effect on fluorescence spectra of the MBC and 2-AB in acetonitrile are presented in Figure 3 .
The reproducibility of measurements, evaluated with freshly-prepared MBC and 2-AB solutions, was satisfactory, as indicated by the small relative standard deviation (RSD) values less than 1%. The LODs were significantly low, ranging from 0.01 to 0.06 ng/mL for MBC and 0.002 to 0.01 ng/mL for 2-AB. The corresponding limit of quantification (LOQ) were 0.03 -0.2 ng/mL for MBC and 0.006 -0.03 ng/mL for 2-AB ( Table 2 ). 
Method Validation
Our direct fluorimetric method developed, has limits of detection lower than those reported by authors using various methods, such as dispersive liquid-liquid microextraction (DLLME) combined with UV-Vis spectrophotometry (LOD = 2.1 ng/mL) [9] , fluorescence method (0.125 ng/mL) [10] , DLLME-HPLC method with fluorimetric detection, (LOD = 0.5 ng/mL) [11] , spectrofluorimetric method in hydroxypropyl-β-CD solutions (LOD = 17.4 ng/mL) [12] , SLM-MMLLE-HPLC with UV detection (LOD = 0.1 ng/mL) [13] . Consequently, the LOD and LOQ values obtained in this work were very low, suggesting that direct fluorescence can be considered as a suitable and sensitive method for determining MBC and 2-AB in natural waters.
Choice of Acetonitrile as Packing and Elution Solvent
Solvent effect has shown that MBC and 2-AB have high fluorescence signal in DMSO, acetonitrile and water (pH = 4 and 7). Because of its viscosity, DMSO can neither be used to pack the column nor to elute MBC and 2-AB. The elution of the two benzimidazoles with water (pH = 4 and 7) gives also poor percentages of recovery with spectra deformation. As a result, we used acetonitrile as packing and elution solvent to extract the fungicide MBC and 2-AB by SPE.
Effect of Elution Solvent Volume
We studied the effect of the volume of the elution solvent on the extraction efficiency for different volumes of the solvent acetonitrile (0.5, 1, 2, 3, 4, 5, 5.5, 6 mL) and the recovery percentage was determined at the same time. Figure 4 illustrates the variation of the extraction recovery versus the volume of the elution solvent. The percentage of recovery was increased with the increase of the volume of elution and became constant when the elution volume of acetonitrile exceeded 4 mL. The maximum elution volume of 4 mL was chosen to elute the MBC fungicide and its metabolite 2-AB separately.
Analytical Applications
To verify the applicability of the proposed direct spectrofluorimetric method to authentic samples, MBC and 2-AB were determined in natural water samples after a Solid-Phase extraction (SPE) procedure. For recovery studies, 5 mL of water samples were spiked at three different concentration levels of each pesticide. We used acetonitrile as a packing solvent and as a solvent of elution to extract the fungicide MBC and 2-AB. Acetonitrile gave good percentage recovery. The results obtained in the different water samples are satisfactory because the recovery rate varies between 88.5% and 119.2% ( Table 3) .
On the other hand, the physicochemical parameters of the natural water samples including the dissolved organic carbon NPOC (mg/L), the conductivity σ (ms/cm) and the pH ( Table 4 ) seems to play some effects on the MBC and 2-AB recovery. Indeed, after analysis we have noticed that the draining and well waters (d = 1.5 m) have high recoveries rate relative to the others water samples. The more important recoveries rate in draining water is probably due to the excess of dissolved organic matters (NPOC = 103.5 mg/L) which is at least ten or three times more high. The increase of recovery percentage with the amount of dissolved organic matters has been already noted by several authors [14] [15] .
Since, the amount of dissolved organic matters in the natural water samples plays a certain role on the rate of recovery of both benzimidazoles, we decided to study the effect of foreign species and of some inorganic ions on the fluorescence intensity of the MBC in water (pH = 4) and of 2-AB in water (pH = 7).
Interference Studies of Added Foreign Species
The effect of some pesticides such as benomyl, thiabendazole (commonly-used in Senegal) and several inorganic ions including Na CO − (likely to exist in natural waters) on the fluorescence intensity was investigated for possible interference on the determination of MBC and 2-AB. We fixed the concentration of MBC or 2-AB, and we evaluated the effect of increase amounts of the interfering species on the fluorescence intensity in appropriate ranges. The tolerance limit of the interfering species was defined as its concentration of which the percentage of fluorescence signal variation did not exceed ± 5% in the determination of MBC and 2-AB. We calculated the percentage of variation of the fluorescence signal, using the following equation for each concentration of interfering species. a NPOC (mg/L) = dissolved organic carbon, corresponding to the non-purgeable organic carbon present in natural waters. Calculated from the equation: NPOC = TOC − POC, with NPOC = non-purgeable organic carbon, TOC = total organic carbon and POC = purgeable organic carbon; b σ (mS/cm) = conductivity of the water samples.
The tolerance limit obtained for the selected foreign species are presented in Table 5 . Fixed concentrations of 2 ng/mL of MBC and 0.6 ng/mL of 2-AB were used to evaluate the effects of interference for the concentration ranges of selected foreign species surrounding the concentrations of MBC and of 2-AB.
An increase or decrease in intensity was observed during the addition of pesticides or inorganic ions in the studied concentration range. The observed phenomenon may be due to direct interactions between foreign species (pesticides or inorganic ions) with MBC or 2-AB. Our results showed that all tested foreign species have interference on the MBC and the 2-AB. The most important effect of interference on the MBC was observed with benomyl (tolerance limit = 0.05 ng/mL) and 2-AB (tolerance limit = 0.07 ng/mL). For the 2-AB, the effect of the higher interference was observed with benomyl (tolerance limit = 0.06 ng/mL) and MBC (tolerance limit = 0.06 ng/mL). These limits correspond to concentrations about 40 times lower than that of MBC and 10 times lower than that of 2-AB. These results can be explained by the fact that benomyl is a compound that is metabolized to MBC during ordinary analytical procedures in organic solvents and water [2] [16] [17] . The 2-AB is also a metabolite of MBC, and the three benzimidazoles emit at the same wavelength region. These relatively high interference phenomena require a significant improvement in selectivity when applying the fluorescence method to determine the MBC and 2-AB in the natural water samples containing the interfering species (pesticides or organic ions). To reduce the impact of the effects of interference and improve the selectivity of the fluorescence method, we believe it would be possible to use spectral method including synchronous fluorescence [18] derivative fluorescence [19] or partial least-square (PLS) method [20] .
Conclusion
We have shown the usefulness of the effect of organic solvent and pH for improving the sensitivity of the florescence detection of MBC and 2-AB. In this work, we developed a simple, sensitive and precise fluorescence method for the determination of fungicide MBC and its metabolite 2-AB in Senegal natural water samples. Excellent analytical results have been obtained, which permit to detect and quantify MBC and 2-AB at very low concentrations, in the ng/L range, with satisfactory recovery values in natural water samples.
